Fig. I.-Moving boundary electrophoresis diagrams
of transferrin at varying degrees of saturation with Fe(lll) in cacodylate buffer, pH 6.7, ionic strength 0.1, E = 13 volts per cm. The numbers indicate the mobilities of adjacent peaks, in units of I x 10 -'cm' volt-1 sec", and the percentages indicate the degree of saturation with Fe(llI In human serum, non-haem iron is in the ferric form and is bound to the~I-globulin, transferrin, which absorbs maximally at 470 nm (Aasa et al., 1963) and imparts a red tint to serum. The glycoprotein molecule has a molecular weight of 80000 and binds 2 atoms of iron. Thus 1 mg of transferrin will bind 1.4 Jlg of iron. Electron spin resonance techniques show that the two binding sites are independent and equivalent, and are at least 0.9 nm apart (Aasa et al., 1963) . In the presence of Fe(III), transferrin is in three forms containing 0, I or 2 atoms of iron. Figure 1 is taken from a paper by Aisen, Leibman, and Reich (1967) and shows the three forms in moving boundary electrophoresis. There was a suggestion that the intermediate form might represent a dimer of Fe(II I).-transferrin: transferrin (Woodworth et al., 1969) but later work has shown that the sedimentation velocity, osmotic pressure and nuclear magnetic relaxation spectrum of the intermediate compound are consistent with the formula Fe(lll)-transferrin.
Transferrin contains two heterosaccharide chains which are dodecasaccharides and are Y-shaped, One branch of each chain is attached to the polypeptide chain, and the free branches of the Y-shaped chain terminate in sialic acid (Jamieson et al., 1971) .
Removal of the sialic acid residues with neuraminidase does not cause loss of the iron binding properties of transferrin (Alsen and Leibman, 1968) or change in the absorption spectrum of the complex with iron.
In the absence of oxygen, Fe(II) does not bind to transferrin (Gaber and Aisen, 1970; Aasa et al., 1963) , but Fe(II) is oxidised rapidly in the presence of transferrin and oxygen (Gaber and Alsen, 1970) and the Fe(lll) so formed combines rapidly with transferrin. Other metal ions combine with transferrin viz: Cr(lll), Mn(lII) and Co(lII) (Gaber and Aisen, 1970) Zn(lI) (Aasa et al., 1963) and Cu(lI) (Gaber and Aisen, 1970; Aasa et al., 1963). In the absence of bicarbonate ion transferrin reacts with Fe(llI) and Cu(lI) to form stable com-serum . The composition of this plexes. The Fe(llI) complex is yellow and addition of complex is transferrinFe(IIIMbicarbonate), and bicarbonate yields the red complex usually found in there is one bicarbonate radical at each iron binding 127 site (Young and Perkins, 1968) . Reaction of Fe(1I1) and bicarbonate with transferrin at pH 7.5-8.9 releases three H+ ions, and three tyrosyl radicals and two imidazole radicals are involved at each binding site (Aasa et al., 1963) .
Transferrin forms a complex with oxalate of formula Fe{III>.<oxalatektransferrin (Young and Perkins, 1968; Aisen, Aasa et al., 1967) and oxalate in high concentrations can displace bicarbonate from its complex with transferrin. EDTA, malonate, succinate and cyanate are less effective than oxalate in displacing bicarbonate, and azide, cyanide, nitrate and thiocyanate do not form complexes (Young and Perkins, 1968) .
The Fe(lII)-transferrin complex is stable and the time of equilibration between Fe(III) combined with transferrin and Fe(lIl) complexed to EDTA or citrate is measured in weeks (Aasa et al., 1963) .
Methods for measurement of transferrin
Transferrin in serum may be determined by appropriate specific protein measuring techniques or by the determination of iron binding capacity. Of specific protein methods, immunological methods offer the advantage of high sensitivity, and immunoelectrophoresis (Laurell rocket) is probably superior to radial (Mancini) diffusion (Laurell, 1972) . The transferrin: antibody precipitate may be measured turbidimetrically in a manual procedure (Ritchie, 1967) or nephelometrically in a continuous flow system (Eckman et al., 1970) . An interesting alternative method which may be applied in some circumstances, is to precipitate serum proteins with Rivanol (2,5-diamino-7-ethoxyacridine); transferrin and immunoglobulins fail to precipitate and may be assayed using the biuret reaction, and the proportion of transferrin is determined by electrophoresis and scanning (Sagan, 1968) .
Iron binding techniques are of two basic types, in both of which an excess of iron (which may be radioisotopic iron) is added to serum. The excess may be determined directly, or the bound iron may be determined after removal of the excess by a suitable absorbant.
Because iron assay methods have poor sensitivity in respect of serum measurements, direct determination of the excess iron is seriously troubled by variability of the blank. Teepol or other detergents may be used to reduce serum turbidity but such procedures have been criticised (Klein et al., 1969) . A method for manual determination at pH 4.5 has been published (Bouda, 1968 ) and a three channel AutoAnalyzer system (Friedman and Cheek, 1971) operating at pH 8.5 is of interest. Iron is added as ferrous ascorbate, and one channel measures serum iron, while the other two, measuring unsaturated iron binding capacity and the blank, are read in a differential colorimeter. Unsaturated iron binding capacity is displayed directly as a single chart trace.
Attempts to avoid the need for blank determinations by dialysing the excess iron in an automated system have proved unsuccessful (Dixon, 1971) , presumably because of the binding of iron to low molecular weight substances in serum (Sarkar, 1970) which reduces the diffusibility of Fe(II).
The alternative procedure of removing the excess of iron after saturating transferrin and then measuring the bound iron is seriously affected by the physical and chemical form of the excess iron. Ferric hydroxide has a solubility product of 1.1 x 10-3 6 (Friedman and Cheek, 1971 ) and so solutions of Fe(llI) salts deposit ferric hydroxide above a pH value of about 3. Ferrous hydroxide (solubility product, 1.6 x 10-14 ) does not precipitate from ferrous salts solutions at a pH below about 9. Not surprisingly therefore, ion exchange resins fail to remove unbound Fe(lIJ) iron, unless it is present as an anion complex. Thus Fe (111) citrate is a suitable reagent for the transfer of Fe(\II) to transferrin and the excess citrate complex can be removed by IRA 410 (Peters et al., 1956; Cook, 1970) . Furthermore, precipitation of ferric hydroxide may be the basis of reports that Fe(lIJ) can bind to proteins, other than transferrin, when transferrin is saturated (van der Heul et al., 1972; Sarkar, 1970) and also that some grades of magnesium carbonate 'for chromatographic absorption' give values of iron binding capacity higher than when other grades of magnesium carbonate are used (Jordan and Podmore, 1963) .
When ferric chloride is used for saturation, magnesium carbonate or haemoglobin-coated charcoal may be used to remove the excess Fe(11I). Magnesium carbonate does not remove transferrin from serum (Cook, 1970) and is the most commonly used absorbent both for manual, partly automated and fully automated (continuous filter) techniques. The procedures however are considered to have poor precision (Williams and Conrad, 1972) . Thus the influence of the pH of the ferric chloride solution on iron binding capacity measurements and on the pH of the final mixture is shown in Fig. 2 . As the pH of the final mixture increases, more iron is bound, but if the pH of the saturating solution is above 4 then Fe(lll) precipitates in the reagent, which then reacts less well with transferrin (Williams and Conrad, 1972) . Differences between human and horse serum were not commented upon in this study. Variability in the amount of magnesium carbonate used has been shown not to influence the apparent transferrin level in human serum (Leggate (Peters et al., 1956) and is said not to take place (Cook, 1970) ; equilibration does occur in the presence of Fe(III) complexing agents (Aisen and Leibman, 1968) . Labelled transferrin may be isolated by ammonium sulphate precipitation (Tinguely and Loeffler, 1956) , or by removal of excess 59Fe(I1I) with ion exchange resin (Saito, 1971) and 'Irosorb' kit (Abbott), or with magnesium carbonate (Brozovich and Copestake, 1969) .
Accuracy and precision of iron measurements
The accuracy of iron binding measurements using magnesium carbonate, charcoal or ion exchange resins has been carefully examined (Cook, 1970) . Magnesium carbonate and charcoal give comparable results, but resin procedures give results approximately 20~g/lOO ml higher (Peters et al., 1956; Cook, 1970) . All three methods give rise to positive interference of approximately 5/~: magnesium carbonate because it absorbs water, and charcoal and ion exchange resins because the solid particles do not dilute the aqueous phase in proportion to the volume of liquid mixture added to the test mixture. There is also positive interference because of inefficient removal of the excess of iron; the proportion not removed is 2.7% for MgC0 3 , 3.4 % for charcoal, and 6.8% for IRA 401; the corresponding figure for IRA 410 is 4 % (Peters et al., 1956) .
For many methods, the precision of transferrin assays is partly determined by the precision of measurement of serum iron. The average between laboratory standard deviations found on 11 serum specimens analysed for iron between 11th September, 1971 and 23rd September, 1972 by participants in the U.K. National Quality Control Scheme are shown in Table I . AutoAnalyzer methods are superior to manual methods in this respect and were also shown to be superior to the manual international standard method in a special survey (Whitehead, 1972) , even though the new method was slightly better than other manual methods. With regard to the mean value found in the National Scheme, AutoAnalyzer methods gave slightly lower results: average 77.5~g/lOOml as against 82.2 gflOO ml for manual methods. The standard deviation for serum iron analysis in the Wellcome Group Quality Control Programme is somewhat higher than that for the National Scheme, averaging 16~g/IOO ml for AutoAnalyzer methods and 21~g/IOO ml for manual methods.
Precision of transferrin measurements
Transferrin has never been included III the and Crooks, 1972; Williams and Conrad, 1972; Butler, 1973) , but there is indication that the amount of iron removed from animal sera may be dependent on this factor. Two papers which discuss this point show different results. Leggate and Crooks (1972) reported that difficulty was experienced with reconstituted quality control sera, (Wellcomtrol, Versatol, Chemonitor and Hyland), which had a pH greater than 8.5, but consistent results could be obtained after acidification. Fresh human, bovine and pig serum gave consistent results, and alkalinisation of human serum to pH 8.9 did not lead to an increase of iron binding. However, Butler (1973) found that fresh animal sera (bovine, horse, sheep and calf) showed dependency of the result on the quantity of magnesium carbonate. Furthermore, magnesium carbonate was less effective in removing iron from reconstituted sera than from fresh animal sera so that on this point the work was in agreement with that of Leggate and Crooks (1972) . The discrepancy between the two groups may well be due to the use of ferric chloride by Leggate and Crooks and of ferrous chloride by Butler. The points are of practical importance because iron binding measurements require relatively large amounts of serum, and it is therefore, common to use horse serum for quality control. Moreover, the Wellcome Quality Control Scheme, which is the only published source of an inter-laboratory comparison of iron binding capacity measurements, also uses horse serum; the results of such measurements may thus be less precise than corresponding assays of human serum. The poor sensitivity of colorimetric iron methods has stimulated the use of 59Fe(lII) for iron binding measurements. Such methods measure unsaturated iron binding capacity and are crucially dependent on added radioisotopic iron not equilibrating with endogenous serum iron and so changing the specific activity. Such equilibration is said to take place National Quality Control Scheme. Most participants in the Wellcome Group Quality Control Programme use one of three methods, and the average withinlaboratory and between-batch precision is shown in Table 2 . Only two laboratories use isotope techniques and no laboratory returned results obtained by a specific protein method. For reasons already indicated, the overall precision is poor. Poor performance (standard deviation, 50 Ilg/l00 ml) was also found for between-batch precision during a six-month period of iron binding capacity measurements of reconstituted horse serum, using AutoAnalyzer/magnesium carbonate, at the General Hospital, Birmingham (Lewis, 1970) . Specific protein measurements performed on reconstituted human serum at the Queen Elizabeth Hospital, Birmingham show a within-batch standard deviation of 6 mg/100 ml, and a between-batch standard deviation of 12.7 mg/lOO ml at a level of 245 mg/IOO ml using the AutoAnalyzer II (Deverell, 1973) . This is comparable with the published figure of 8 mg/IOO ml for this method (Eckman et al., 1970) . The between-batch standard deviation of a transferrin standard was 2.5 mg/100 ml using the Laurell rocket technique at the Westminster Hospital (Versey, 1973) . The precision of the iron binding technique at the Royal Postgraduate Medical School, Hammersmith (Haslam, 1973) has been obtained by including repeat analysis of patient sera in the next batch processed, to give a between-batch figure. In the period between July, 1971 and March, 1972 , 62 specimens were examined and the standard deviation was 161lg/l00 ml; between July, 1972 and January, 1973 the standard deviation was 27 Ilg/IOO ml.
The coefficient of variation of the immunological turbidimetric method has been reported to be 4.1~~between-batch and 3.2 %within-batch (Ritchie, 1967) . The between-batch standard deviation is quoted as 8.2Ilg/ 100 ml for unsaturated iron binding capacity using 59Fe(III) citrate and ion exchange resin, 6.4 Ilg/ I00 ml for iron binding capacity using ferric chloride, with charcoal removal of excess iron, and 6.8 Ilg/ I00 ml for a similar method using magnesium carbonate (Cook, 1970) . The standard deviation of the direct colorimetric method is 7.4 Ilg/l00 ml (Cook, 1970) . The coefficient of variation of a 59Fe(lIl) method using magnesium carbonate was 3% (Brozovich, 1968 ) with a slightly lower figure (2.5 %) for a work simplified version (Brozovich and Copestake, 1969) .
Thus the published within-laboratory and betweenbatch estimates of precision of several methods for transferrin determination are similar, and considerably lower than those found in the Wellcome Programme (50 Ilg/100 ml). Presumably this is because of the difficulties encountered in using reconstituted horse serum.
An expert panel of the International Committee for Standardisation in Haematology recently concluded that the published methods have poor reproducibility when applied to reconstituted serum or purified proteins and that unexplained anomalies have been observed in the analytical procedures. The panel state that no recommendation for a standard reference material or method can be made (Izak and Lewis, 1972) .
In conclusion, the quality of performance of the determination of transferrin in clinical laboratories has not been reliably assessed and the newer immunological procedures have not yet been used sufficiently widely to allow a satisfactory comparison with established iron binding methods.
Data from the Wellcome Group Quality Control Programme and from the National Quality Control Scheme were kindly provided by Dr. 8. A. L. Hurn and Prof. T. P. Whitehead respectively. Figures I and 2 are reproduced, with permission, from the Journal of Biological Chemistry and Clinica Chimica Acta respectively.
